Introduction
In addition to the four nucleotide bases ordinarily present in DNA, many organisms possess a fifth base, 5-methyl cytosine (m"C). This fifth base increases the amount of information that the organism can encode in its genome (Adams and Burdon, 1985) . For example, bacteria modify certain sequences in their genome to distinguish their own DNA from that of invading viruses: the methylated host sites resist cleavage by restriction endonucleases that inactivate the unmodified viral genome. The function of m5C in eukaryotes is more complex and less well understood. In fungi, cytosine methylation (sometimes followed by deamination) prevents the expression of tandem DNA repeats (Selker and Garrett, 1988) . In plants and mammals, cytosine methylation influences gene expression and chromatin structure, and the dosage of m5C is regulated in a gene-specific manner according to the cell type and stage of differentiation.
In mammals, methylation plays a central role in X chromosome inactivation (Gartler and Riggs, 1983; Pfeifer et al., 1990) , genomic imprinting (Efstratiadis, 1994; Li et al., 1993; Barlow, 1993) , and embryonic development (Li et al., 1992) . Aberrations in methylation have also been implicated in aging and disease (Vincent et al., 1991; Bell et al., 1991; Knight el al., 1993; Nicholls et al., 1995; Jones and Buckley, 1990; Rideout et al., 1990) .
The DNA (cytosine&)-methyltransferases (DCMtases) transfer a methyl group from S-adenosyl-L-methionine (AdoMet) to the C5-position of cytosine in duplex DNA. The methyltransferase from Haemophilus aegyptius (M. Haelll) belongs to the monomeric type II bacterial methyltransferases, which act at their substrate site in palindromic DNA and modify their recognition sequence in two independent methyl transfer events 5'-GGCC-3 3'-CCGG-5' in double-stranded DNA and methylates either of the designated cytosines.
The enzymatic mechanism of the DCMtases (Santi et al., 1983; Wu and Santi, 1987; Chen et al., 1991; Chen et al., 1993; Klimasauskas et al., 1994; Verdine, 1994 ) is thought to proceed by nucleophilic catalysis, which alters the reactivity at C5. The process is initiated when the Cys residue of an invariant Pro-Cys doublet attacks at C6. It has been proposed that to avoid the formation of a carbanion, the Cys thiolate attack at C6 is accompanied by enzyme-directed protonation at N3 and the formation of an enamine intermediate. The methyl group is then transferred from AdoMet to this enamine, perhaps with the simultaneous removal of the N3-H. (When AdoMet loses its methyl group, it becomes S-adenosyl-L-homocysteine [AdoHyc] .) Finally, abstraction of the C5-H to form a new enamine, now bearing a methyl group, followed by conjugate elimination, frees the m5C from the active site Cys residue (see Verdine, 1994) .
The elimination step that follows methyl transfer can be blocked by replacing the C5-H with fluorine (Osterman et al., 1988) , and oligonucleotides containing 5-fluorodC (MC) make it possible to trap irreversibly a covalently linked DCMtase substrate intermediate. This trapping procedure has facilitated a wide variety of mechanistic and structural studies, and it was used here to obtain a stable intermediate complex.
Until recently, one of the open questions about the enzymatic activity of the methyltransferases was how they access a substrate cytosine that is normally buried in B-DNA. The answer was provided by the X-ray structure of another type II bacterial methyltransferase, M. Hhal, covalently bound to DNA (Klimasauskas et al., 1994) : the target cytosine is flipped out from its position in the DNA helix and into the catalytic cavity of the enzyme without dramatic kinking or bending of the DNA.
M. Hhal is organized into a larger catalytic domain and a smaller domain that functions in DNA binding. Comparative sequence analysis for the DCMtases has identified ten conserved elements located in the large domain (Pbfai et al., 1989; Cheng et al., 1993) , suggesting a high degree of structural conservation. The small domain varies in length and sequence among the different DCMtases, and a region within this domain has been implicated in DNA recognition (Balganesh et al., 1987; Trautner et al., 1988; Wilke et al., 1988; Mi and Roberts, 1992; Klimasauskas et al., 1991) . M. HhalandM. Ha&II, whilesharing34%sequence identity in the larger domain, have no significant homology in the smaller domain. They recognize different target sequences: M. Hhal binds to the palindrome WGCGC3'and transfers a methyl group to the designated cytosine, whereas M. Haelll recognizes and methylates 5"GGCC-3'.
Here we present the crystal structure of M. Haelll covalently complexed to an 18-mer DNA duplex. As shown below, M. Haelll interacts with its cognate DNA in a way that could not have been predicted from the M. Hhal structure, or from any known structure of a protein-DNA complex. In the M. Hhal complex, unstacking the substrate cytosine does not greatly perturb the nearby DNA structure, and most of the cavity left by the absent base is filled by a side chain from the enzyme. On the other hand, extrusion of the cytosine in the M. Haelll-DNA structure is accompanied by a local rearrangement in base pairing and the opening of gaps in the DNA that the protein fills only partially.
Results

Protein Structure
The model for the M. Hae Ill complex was determined by the multiple isomorphous replacement method using anomalous scattering (MIRAS) and refined against data to 2.8 A. Residues 1-182 and 308-324 form the large, conserved domain, and the smaller recognition domain comprises residues 183-275. These two domains, together with two parallel a helices (F and G, residues 278 305) bridging them, form a cleft in which the DNA is bound. Figure 1A illustrates the overall organization of the enzyme. The core of the large domain is composed of a seven-stranded 8 sheet with two parallel helices (C and D) lying against one side and three helices (A, B, and H) on the other side. 8 strands l-5 and helices A-D adopt a well-characterized fold similar to that found in nucleotidebinding domains (Rossmann et al., 1974) . This same topology was found in the M. Hhal structure (Cheng et al., 1993; Klimasauskas et al., 1994) and in two other AdoMet-binding proteins: the adenine methyltransferase from Taql (Labahn et al., 1994) and catechol 0-methyltransferase (Vidgren et al., 1994) . The large domain contains the active site nucleophile Cys-71 and other catalytic residues, as well as the cofactor-binding pocket. The structure presented here does not have AdoMet or AdoHyc bound, but model building shows that the structure of M. Haelll can accommodate the cofactor in a way that is analogous to M. Hhal in the M. Hhal-DNA-AdoHyc ternary complex. The small domain has no extensive secondary structure and is mostly a long random coil. and 281-283 (811) do form a very short two-stranded 8 sheet, and residues 193-194 (88) and 212-213 (89) an even smaller one. In addition, one turn of a helix (E) is formed by residues 220-223. The potypeptide chain coils away from strand 7 in the large domain and forms a complete loop (193-215) that covers the N-terminal end of the helices F (278-284) and G (297-305) like a lid. Residues , [12] [13] [14] [15] [16] [17] [18] [19] [20] f32, [23] [24] [25] [26] [27] [28] [29] [30] HB, 3541; p3, p4, [64] [65] [66] [67] HC, f35, [105] [106] [107] [108] [109] [110] [111] HD, [120] [121] [122] [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] [133] [134] p7, gS, 89, [212] [213] HE, 310, 311, HF, HG, [297] [298] [299] [300] [301] [302] [303] [304] [305] HH, [310] [311] [312] [313] [314] [315] [316] [317] [318] [319] [320] [321] [322] . No electron density was present for 323330.
(This figure was drawn with the program SETOR [Evans, 1 Qw.) (B) Superposition of M. Haelll (red) and M. Hhal (green). The large domain is on the right and the small domain on the left. The two enzymes superimpose well in the large domain and the bridging region. Thefofds of the small domains are differentfor thetwo enzymes except for the small white region, which supports, in part, the residues that specifically bind DNA.
215-243 follow an almost circular pathway through which residues 243-275 are looped before the polypeptide chain returns to the large domain via helices F and G ( Figure  1A ). Cys-245 and Cys-280 have their side chains oriented toward one another, and there is weak connective density between their sulfur atoms in the MIRAS electron density maps. On the basis of this density, it was not possible to establish whether or not a disulfide bond exists between the two residues. The Ca positions of M. Haelll and M. Hhal superimpose well in the large domain and bridging region (root-meansquare deviation [rmsd] of 1.4A) (Figure 1 B) . M. Hhal does not have an equivalent for the short 8 strand 3 in M. Haelll, so that the 6 sheet in the large domain of M. Hhal contains only six strands. The extensive structural similarity in the catalytic domain of the two proteins is consistent with its conserved function: to transfer a methyl group from AdoMet to the substrate cytosine. In contrast, the small domains, which mediate sequencespecific recognition, have little resemblance to one another. The small domain of M. Hhal is composed of five antiparallel strands, in which segments form a short and twisted five-stranded 5 sheet. Despite these different folds, however, the backbone atoms for residues 226-240 and 245-246 in M. Haelll and 241-253 and 261-264 in M. Hhal overlay well (Figure 16 ) when the large domains and bridging regions for the two structures are superimposed.
As described below, this structurally conserved stretch forms part of the scaffold supporting the residues that interact with the DNA. There is still no significant sequence conservation between the two enzymes in this region (Figure 2 ), 'but alignments based on the sequences for the phage methyltransferases did identify this stretch as conserved and as important in DNA recognition (Lauster et al., 1969) . 
DNA Structure
The DNA duplex is bound so that the major groove faces the small and the minor groove faces the large enzyme domain (Figure 3 ). The overall conformation of the DNA outside of the binding region is B form. However, over base pairs 1 l-l 3 (see Figure 3) within the binding region, the DNA is underwound by an average of 12O, for a total of about a 35O difference from B-DNA over this segment. The slight curvature at one end of the DNA probably results from crystal-packing forces; it permits the unpaired thymine (19') at the 5' end of one DNA strand to stack over Tyr-30 of the other protein-DNA complex in the cryetaflographic asymmetric unit. This thymine twists away from the DNA duplex (and edges into what in M. Hhal is part of the cofactor-binding pocket); its packing into the putative cofactor-binding pocket of M. Haelll precludes the frequently observed end-to-end stacking of DNA duplexes and blocks the cofactor from binding. We do not believe that this packing interaction has any effects on the obsewed protein-DNA interactions, since the slight curvature begins 2-3 bp beyond the recognition sequence.
Flipped-Out
Substrete Cytosine The substrate cytosine (cytosine 10) is flipped out of the DNA duplex and into the catalytic pocket of the enzyme, where it is sandwiched between the ends of 5 strands 4, 5, and 7 and the C-terminus of helix H. The MIRAS electron density at the substrate cytosine is well defined by strong B 1 3 5 7 9 11 13 15 17 The strand containing the substrate cytosine has unprimed numbering. and its complementary strand has primed numbering.
F, 5-F-C: M, 5Me-C. Superscrfpted letters a, b, and c indicate bases that were iodinated to obtain heavy atom derivatives.
5-I-U is at a in duplex Il. and 5-l-C is at b in I2 and at c in 13. density corresponding to the Cys-71-cytosine C6 thioether bond (Figure 4 ). The C5 position of the cytosine clearly carries two substituents, but it is not possible to distinguish between the fluorine and the methyl group, and hence to determine the chirality at C5, on the basis of the electron density maps. However, the position of the AdoHyc relative to MC in the M. Hhal ternary complex does indicate the stereochemistry at C5. The additions of the catalytic cysteine at C6 and the methyl group at C5 must take place with a trans stereochemistry.
(A similar reaction catalyzed by thymidilate synthetase takes place with the same relative but different absolute stereochemistry [Matthews et al., 19901 .) Therefore, the C5-H is abstracted from the face of the pyrimidine ring opposite the methyl group, that is, from the same side as cysteine. Since all of the residues in the active site and in the cofactor-binding pocket of M. Hhal have conserved counterparts in M. Haelll and since we have been able to model AdoHyc in the equivalent location, the reaction is likely to follow the same stereochemical course in the two proteins. The basic moiety that abstracts the C5-H proton is not obvious from either complex. Conceivably, the thioether-S of Cys-71 might abstract the C5-H proton in a proximitydriven reaction (Verdine, 1994) since the sulfur and C5-H are just 2.4 A apart. Alternatively, a water molecule could act as the catalytic base. If so, there is no evidence for it in the M. Haelll electron density maps, but this may simply be a consequence of limited resolution (2.6 A).
A number of conserved residues in M. Haelll make hydrogen-bonding contacts to the FdC residue in a way that is similar to the interactions observed in the M. Hhal structure. In addition to the covalent bond to Cys-71, interactions with Glu-109, Arg-155, and the carbonyl of Gly-66 further stabilize the cytosine (Figure 4) . If, as suggested by its refined position (Figure 4 ) a carboxyl oxygen of Glu-109 is hydrogen-bonded to the cytosine N3 at near neutral pH, the carboxyl pKa must be shlfted relative to the solution value of approximately 4.5. This shift, assumed in the proposed catalytic mechanism, is plausible, because Glu-109 is relatively solvent inaccessible. Although most of the interactions between the enzyme and this MC residue are consewed between M. Haelll and M. Hhal, one difference is observed. The catalytic Cys residue in all of the DCMtases is preceded by an invariant proline (Pro-70 in M. Haelll, Pro60 in M. Hhal). In M. Hhal, the amide carbonyl of Phe-79 hydrogen-bonds directly to the exocyclic amine of FdC; the conserved Pro60 seems to position its N-terminal amide for interaction with the substrate cytosine. In M. Haelll, the amide carbonyl from residue 69 on the N-terminal end of Pro-70 is not hydrogen-bonded to the substrate. Rather, the amide carbonyl located one peptide unit forward, that of Gly-66, hydrogen-bonds to the exocyclic amine of MC. Interestingly, Gly-66 immediately precedes a sequence of two prolines. Presumably, Pre-69-Pro-70 have much the same function in M. Haelll that Pro60 has in M. Hhal. Almost without exception (Sehrens et al., 1967) , the DCMtases contain either Gly-Phe-ProCys (as in M. Hhal) or Gly-Pro-Pro-Cys (as in M. Haelll) and thus seem to use either the Phe-or the Gly-carbonyl, respectively, to interact with the cytosine N4. (B) Interactions that stabilize the substrate cytosine. The distance between the 0s of Glu-109 and N3 of FdClO is 2.3 A in one of the two complexes in the-asymmetric unit. In the other complex, however, the distance is 3.4 A, and the OE is not as well positioned to make a hydrogen bond.
Rearranged
Base Pairing in the DNA Reeognltion Sequence In the M. Haelll complex, the absence of the substrate cytosfne from the DNA duplex is accompanied by the rearrangement of the nearby base pairs ( Figure 5 ). This rearrangement is not found in the M. Hhal-DNA structure, where Gin-237 from the small domain replaces the substrate cytosine and hydrogen-bonds to Nl and 06 of the complementary, now unpaired, guanine; as a result, the unstacking of the substrate cytosine hardly perturbs the local DNA conformation. In sharp contrast, the normal guanine partner (610') of the extruded cytosine in the M. Haelll complex does not remain unpaired but translates along the DNA axis so that it can hydrogen-bond with cytosine Cl 1 (3'to the substrate cytosine). The new base pair assumes Watson-Crick geometry but deviates substantially from coplanarity (buckle of 7O, propeller twist of 56O). This rearrangement in base pairing can take place only when the substrate cytosine is adjacent to a second cytosine, requiring the two terminal base pairs of the sequence recognized by the enzyme (10 and 11) to be identical. As a consequence of the altered pairing, the outer guanine (Gl 1') rather than the inner one (616') in the 5'-GGCC-3' sequence is left without a complementary base. The unpaired guanine, Gl l', is stabilized by an interaction with Arg-243, which hydrogen-bonds with N7 and 06 on the major groove side. The shift of G10' along the stack to the position previously held by Gl 1' opens a cleft about 6 A wide into which the side chain of IL221 from the small domain juts. 118-221 does not protrude deeply into the cleft, however, and a large solvent channel runs through the DNA helix.
Recognition
of the Binding Site Direct contacts from the protein to the bases in the recognition sequence are the principal determinant of binding specificity, but in order to form the contacts seen in the final complex, the nucleic acid must be able to accommodate the base rearrangements that occur near the position of the substrate cytosine. Because the substrate cytosine in the M. Hhal recognition sequence (5'-GCGC-3') is not adjacent to another cytosine, the base pairing rearrangement required by M. Haelll is not energetically feasible. There is, then, in M. Haelll a second level of selectivity that constitutes a novel example of recognition dependent on the sequence-specific deformability of the DNA (reviewed by Steitz, 1996) .
The interactions between M. Haelll and DNA are illustrated in Figures 5 and 6 . Only bases in the short, 4 bp recognition sequence are directly contacted by the protein. With the exception of Glu-76, which interacts with the minor groove via its carbonyl, all of the protein residues involved in base-specific recognition are located in the small domain and all of the base contacts are from the major groove. Of those residues that interact directly with the bases, Ser-219, Ser-224, Arg-225, and Arg-227 lie on either side of a shorf helix (226-223) that rests against the major groove, whereas Arg-243 and Gln-244 are in a hairpin turn (241-244). All positions of the recognition sequence are uniquely specified by contacts to M. Haelll. The G&C8 base pair isdetermined by a bidentate interaction between N7 and 06 of G6 and the guanidinium group of Arg-225. Discrimination at base pair 9 is conferred by a hydrogen bond between the side chain hydroxyl of Ser-224 and the exocyclic amine of C9' and a bidentate contact between G9 and Arg-227 in addition to the minor groove interaction of G9 with Glu-76. (The van der Waals contact between the hydroxyl oxygen of Ser-224 and the 5-methyl group on C9' may help to explain the greater affinity of the enzyme for the hemimethylated over the unmethylated form of its substrate DNA, although this difference in affinity has only been observed in the presence of cofactor [Chen et al., 19931 .) The base pair GlV-Cl1 is further stabilized by interaction with the sidechain amide of Gln-244 and a hydrogen bond from Ser-219 to G16'. Arg-243 interacts with the unpaired guanine, Gl l', from the major groove side.
The side chains involved in base-specific contacts are located in the small domain either before the first structurally conserved region or in a loop between the first and the second conserved region. This loop is almost twice as long for M. Hhal as for M. Haelll. As noted above, the conserved regions act as a scaffold for the recognition residues. There is no sequence conservation of the recognition residues between M. Haelll and M. Hhal, and even the types of contacts vary between the two enzymes. M. Haelll relies largelyon direct contacts between side chains and nucleotide bases, while M. Hhal recognizes many of the bases either through water-mediated contacts or hydrogen bonds from the protein backbone.
As in other protein-DNA complexes, contacts with the phosphate backbone by M. Haelll are important in properly positioning the bound DNA. The interactions with the DNA backbone span the region from base pair 5 to base pair 13 (see Figure 5) , and residues from both domains of the protein participate (residues 75,79,61,67, 112, 117 , and 155 from the large domain and 220, 229, 237, and 241 from the small domain). The interactions between the protein and the backbone of the strand containing the sub- Residues Ser-75 and Arg-155 from the large domain interact with the phosphate on the 5' side of the extrahelical base, and Thr-237 holds the next phosphate along the strand (from G9) fixed in position by making two interactions, one through its side-chain hydroxyl group and one through its amide NH. Residue Thr-237, which lies in the structurally conserved scaffokf region of the small domain, is widely conserved in the DCMtases (Lauster et al., 1989) including M. Hhal. Arg-229 (Tyr in M. Hhal) from the scaffolding region contacts the phosphate on the next residue, making a salt bridge to the (38 phosphate. The phosphate Yto the substrate cytosine interacts with Ser-241 from the small domain (but not in the scaffold region), and Arg-81 together with Ser-79 from the large domain contact the next two phosphates in the 3' direction, While M. Hhal interacts with both of these phosphate groups, the contacts do not come from equivalent residues. However, the second contact at the Al 2 phosphate, a salt bridge from Arg-87, is conserved. In contrast with the common mode of recognition for the strand containing the substrate cytosine, there is lie similarity in the contacts made to the complementary strand. Residue Lys-112 from the large domain and Thr-220 from the small domain have no counterparts in M. Hhal, and the contact that Gln-117 (in M. Haelll) makes to the backbone is to a different phosphate from that made by the residue Ser-128 that occupies an equivalent position in the M. Hhal polypeptide chain.
In the M. Haelll-DNA complex, a number of contacts to the DNA backbone stabilize the underwinding at base 1 l'and base pairs 12-13. Most of the residues that participate in these interactions are from the large domain (Ser-79, Arg-87, and Arg-81) and only Ser-241 comes from the small domain. M. Hhal also distorts the DNA in this region but to a smaller extent. If M. Haelll plays a catalytic role in extracting the substrate cytosine from the DNA duplex, then the distortion of the DNA near the cytosine might facilitate this extraction.
Discussion
The structure of a second DCMtase bound to its distinct recognition sequence allows us to begin comparing mechanisms for gaining access to the substrate cytosine, for specific binding, and for catalysis. It seems likely that features of the cytosine methylation reaction are broadly consewed within this class of enzymes. Both M. Hhal and M. Haelll have their substrate cytosines flipped out of the DNA helix and into active site pockets located in their large domains, which have similar structural organization and topology. The same arrangement of catalytic residues OCcurs in the two structures, and the same contacts to the substrate cytosine are made. Although the AdoMet cofactor is not present in the M. Haelll complex described here, it probably binds in the position and orientation found in the M. Hhal-DNA structure and plays the same role in catalysis.
In contrast with the conservation of sequence and structure in the large domains of these two enzymes, there are substantial differences in the small domains, which make nearly all of the base-specific contacts in the recognition sequences. However, the two small regions of the recognition scaffold (228-240 and 245-248 in M. Haelll) show structural conservation in these two enzymes and thus make unlikely the suggestion (Klimasauskas et al., 1994) that an ancestral large domain may have been fused with different small sequence recognition domains. Furthermore, there is strict conservation of a key scaffold threonine residue (Thr-237 in M. Haelll, Thr-250 in M. Hhal) in a large number of methyltransferases (Lauster et al., 1989) .
Although the details of the sequence recognition differ in M. Haelll and M. Hhal, the two enzymes share the need to induce or stabilize the unstacking of the substrate cytosine and to interactwith what is, at least during catalysis, a greatly distorted binding site. The DNA distortion in both complexes raises the question of how the enzymes initially recognize their target sequence. In M. Hhal, as long as the substrate cytosine remains within the duplex, contacts to Gln-237 cannot occur, and thus an important part of binding specificity is lost (Klimasauskas et al., 1994) . M. Haelll provides an even more extreme example of DNA distortion. Not only the substrate cytosine (base 10) but also bases lo', 11, and 11' have positions in the covalent complex that differ dramatically from those in normal B-DNA. Half of the direct contacts to the bases in the recognition sequence depend on this altered conformation, as do many of the contacts to the DNA backbone. Does M. Haelll initially recognize B-DNA or a distorted version of it? There are three possibilities.
First, the enzyme may recognize the DNA only after the cytosine has spontaneously flipped out (Winkler, 1994 ) and the bases of the recognition sequence have reorganized. The lifetime of a GC pair in B-DNA (about 30-300 ms; Moe and Russu, 1992 ) is consistent with the relatively slow turnover rate of methyltransferases (e.g., 0.02/s for M. Hhal [Wu and Santi, 19871 ; unknown for M. Haelll). Thus, the enzyme could capture the DNA as it breathes. However, the additional base rearrangements in M. Haelll are almost certain to be energetically costly, since the change in base pairing requires unstacking the DNA both opposite Gl 1' and between pairs 9-9' and 1 l-10'.
Second, it is more plausible that the substrate cytosine is flipped out as the DNA breathes but that M. Haelll promotes the base-pairing rearrangement.
M Haelll might first bind to the extrahelical cytosine and to portions of the phosphate backbone that are undistorted in the covalent complex. It could also make specific contacts to base pairs 8 and 9, since these also retain their B-form conformations. The binding region would then rearrange. 118-221 might play a crucial role in these rearrangements, since its side chain would likely collide with GlO' when in its normal B-DNA position, thus displacing the guanine to initiate the changes in base pairing. Also, temporary or strained contacts to the relocating bases or backbone portions may facilitate the rearrangement.
Base reorganization could then be stabilized by the formation of the contacts seen in the crystal structure.
Third, M. Haelll might promote both the cytosine extrusion and the reorganization of bases. The cytosine extrusion could precede, follow, or be synchronous with the base-pairing rearrangement.
If the base rearrangement occurs first or simultaneously, it could facilitate the cytosine extrusion by placing it opposite an abasic site, and cytosines opposite abasic sites are known to loop out of the DNA helix in solution without enzymatic assistance (Cuniasse et al., 1989 (Cuniasse et al., , 1990 . This mechanism would imply, however, that M. Haelll and M. Hhal have different methods of capturing the substrate cytosine.
The DNAdistortion involved in the M Haelll mechanism is more complex than that for M. Hhal. Klimasauskas et al. (1994) realized that the mode of DNA recognition could not be identical for all DCMtases, since the important contact residue Gln-237 in M. Hhal is not conserved. However, the recognition mechanism for M. Haelll may well be similar to that of other methyltransferases that bind the same DNAsequence. While M. Haelll and M. Hhal have insignificant homology in the small domain, the sequence identity between M. Haelll and other DCMtases that methylate 5'-GGCC-3' is substantial in this domain. Figure 2 shows the sequence for the small domain of M. Haelll aligned with sequences for other methyltransferases from this group. The sequence identity with M. Haelll over the region involved in DNA recognition (residues 219-248) ranges from 57% for MthTl to 73% for NgoPll (Nolling and de Vos, 1992; Lauster et al., 1989) . Moreover, the residues responsible for sequence-specific binding in the covalent protein-DNA complex are conserved for the bacterial methyltransferases BspFtI, NgoPII, and BsuRI. It therefore appears probable that these methyltransferases are similar to M. Haelll in the details of protein-DNA interactions and base rearrangement.
MthTI, an enzyme from Methanobacterium thermoformicicum, substitutes residues Gln-244 and IN-221 with a histidine and an arginine, respectively. While the substitution of a glutamine by a histidine is conservative, the substitution of an arginine for an isoleucine may suggest a somewhat different role for this residue in MthTI. The phages SPR, &tT, and ~110, which all recognize multiple DNA sequences (including 5'-GGCC-3') have poor sequence identity with M. Haelll both in terms of residues that specifically bind DNA and in terms of the whole recognition region (Lauster et al., 1989) .
Variations on some of the unusual features of the M. Haelll-DNA complex have been observed in other structures. TATA box-binding protein (Kim et al., 1993a; Kim et al., 1993b ), purR (Schumacher et al., 1994 ) SRY (the protein encoded by sex-determining region Y; Werner et al., 1995) , and yS resolvase (Yang and Steitz, 1995) have side chains, like 118-221 in M. Haelll, that intercalate into DNA. In these examples, however, the side chains insert not from the major but from the minor groove side. Furthermore, while the side chains in these examples are involved in bending or kinking the DNA, Watson-Crick base pairing is maintained for the adjacent base pairs. The DNA in the M. Haelll complex is neither bent nor kinked, but the isoleucine is involved in the disruption of the Watson-Crick base pairing associated with the reorganization of the recognition sequence.
The unstacking and rearrangement in the M. Haelll complex have counterparts in DNA crystal structures. Both a ldmer (Miller et al., 1988) and a lamer (Joshua-Tor et al., 1992 ; see Table 1 of this reference for additional related studies) show unpaired adenines flipped out of the DNA helix and stabilized in their extrahelical positions by crystal-packing contacts. The base-pairing rearrangement observed in the M. Haelll structure is reminiscent of the unusual helical packing found in crystals of a DNA dodecarner containing the Narl restriction site. When these crystals are cooled below -lO°C, the interactions among DNA dodecamers cause a long-range sequencedependent onestep shift of base pairing (Timsit et al., 1991) .
ExperImental Procedures
Cryatatltxatbn
Procedures for the preparation of the protein, the DNA, their covalent complex, and its crystalkzation have been described previously (Chen et al., ISgl; Reinisch et al., l%t) . The protein was complexed covalently with a series of DNA duplexes containing its rwnition se quence, !%GGCCS, which had the inner cytoaine fluorinated at its Cryogenics All data on these radiation-sensitive crystals were collected at -1 60°C. Crystals were carefully transferred to a cryobuffer high in PEG 3509 and glycerol (25% PEG 3500, 16% glycerol, 100 mM MES IpH 6.51, 10 mM CaCl?). Heavy metal compounds were added to this solution prior to soaking a crystal. After a crystal had soaked in cryobuffer for at least 12 hr, it was mounted in a glass fiber loop and flash frozen in a stream of cold nitrogen gas (Teng, 1990; Rodem, 1994) . At -lvC, the beat crystals diffract to better than 2.5 A along c*, to 2.6 A along b', and to 3.0-3.4 A along a' without any decay in the resolution. where P is the probability distribution of the phase angle 9.
Heavy Atom Search and Data Collection An extensive search yielded only one useful derivative, obtained by soaking a crystal in a 0.15 mM solution of 5chloromercuri-2-methoxypropylurea at room temperature for 4 days. Three additional derivatives were prepared by substituting thymines and cytosines at different positions within the DNA sequence by Siodo uridine and C-iodo cytosine, respectively (Figure 38 ). Data were collected on an R-Axis5 area detector using graphite monochromated CuKa radiation from a Rigaku rotating anode generator. Anomalous scattering data were collected for all derivatives. The data were reduced by use of R-Axis-supplied software, and derivative data sets were scaled locally to native data with the program DSCA-LEAD (M. Rould, personal communication).
Structure
Determination The heavy atom positions for the mercury derivative were determined by manual interpretation of an isomorphous difference Patterson map. Single isomorphous replacement phases calculated from the six mercury sites were used in Fourier difference maps to locate the iodine positions in the remaining three derivatives.
A second set of difference Patterson maps based on anomalous differences established the hand of the heavy atom positions.
The program package PHASES (Furey and Swaminathan, 1999) was used to refine the hepv-y atom positions and occupancies and to calculate phases to 3.0 A. The initial MIRAS map (see Table 1 for all data collection and MIRAS statistics) was improved by using a combination of solvent flattening (Wang, 1965) averaging, and phase extension implemented with PHASES. Following averaging over noncrystallographic symmetry (see Reinisch [I9951 for details), the interactive graphics programs 0 (Jones et al., 1991) and FRODO (Jones, 1965) were used to build the model into the phase-improved MIRAS map. Reference was made to maps computed without averaging in order to recognize differences between the two complexes in the asymmetric unit. A polyalanine chain was constructed with FRODO and was improved by using the lego option of 0. The sequence was aligned by using the active site Cys-71 (attached to the substrate cytosine) together with cysteines near mercury positions (26, 62, 206) and aromatic residues. To build the DNA, an idealized nucleotide duplex was generated with Quanta (Molecular Simulations, Incorporated) and adjusted into the DNA density guided by the iodine positions, which fix the sequence alignment for the DNA. Subsequently, base pairs and then individual bases were adjusted manually as rigid bodies into the electron density. The program CORELS (Sussman, 1965) was used to improve the DNA geometry.
Finally, two Ca" ions were added to the model at positions defined by the Baa positions in a crystal that had been soaked in 20 mM BaCl? for 4 days (in the absence of CaCIS.
Prior to refinement using X-PLOR (version 3.0 1119923; A. T. Briinger, Howard Hughes Medical Institute and Department of Molecular Biophysics and Biochemistry, Yale University, New Haven, CT), 6% of all reflections were set a.$de to monitor R, (Brtinger, 1992) . Symmetry restraints were maintained throughout the refinement, though with lowered weighting in the last stages: complete release of the constraints resulted in greater values for R,. Weak restraints were placed on all ribose conformations of the DNA except those at the recognition site to bias the ribose conformations toward those originally obtained from CORELS. Further, the hydrogen bonding distances between DNA bases were constrained to ideal values for all but the bases in the recognition sequence.
One cycle of simulated annealing at 3000°K (Brtinger and Krokowski, 1990) was followed by cycles of manual rebuilding, positional refinement, and tightly constrained B factor refinement. Toward the end of refinement, the observed reflections were scaled locally to values calculated from the model in order to correct for both crystal anisotropy and absorption. The program used was MAXSCALE (M. Rould. personal communication).
For the final model, the Rm was 32.6% (R = 22.6%) over all data with I > 20 between 10 and 2.6 A.
The Model and Model Quality
The final model consists of 324 out of 330 amino acids in each of the protein monomers.
(The last six residues in each polypeptide chain have no density.) One of the DNA duplexes is complete, although its last 1.5 base pairs have no phosphate density in the MIRAS map and high B factors in the model; the model for the second DNA duplex does not include these terminal base pairs. The electron density in the final 2F,F. map is well defined. At a lo contour level, the polypeptii backbone, which had eight very short breaks in the asymmetric unit of the MIRAS map, is now continuous throughout the model. The side chains in the protein core as well as those interacting with the DNA are well defined, but there is only weak density for some of the solvent-exposed residues, which have high thermal factors for their side chains. In particular, the hydrophobic but solvent-exposed 250s loop (255-264) has high thermal factors. The average B factor is 24.6 &for the whole protein (24.5 A2 for the large domain only and 25.6 k for the small domain only). The DNA has very good density, except as noted above.
The model has no (nonglycine) values in the disallowed region of the Q# plot (Ramachandran and Sasisekharan, 1966 (Kuriyan et al., 1966) .
